The identi cation of planetary companions around the nearby millisecond radio pulsar PSR B1257+12 implies that planetary formation has occurred in the past evolutionary history of this system. If planetary formation is common around millisecond pulsars and if it occurs by coalescence of small dust particles within a protoplanetary disk, as is thought to have occurred during the formation of the Solar System, then it may be possible to detect the presence of protoplanetary dust or a remnant debris disk via thermal infrared emission. We summarize an attempt to detect this emission via a series of 10 m observations made toward PSR B1257+12 and four other nearby millisecond pulsars using the National Aeronautics and Space Administration (NASA) Infrared Telescope Facility (IRTF) 3-meter telescope and the facility bolometer. We also present a model for thermal emission from a protoplanetary disk containing grains heated from the pulsar spin-down luminosity. Further, we describe possible space-based far-infrared observations that can substantially improve observational limits from the emission of dust that may radiate in the two order of magnitude gap between ground-based accessible mid-infrared and millimeter spectral regions.
Introduction
The initial identi cation of two Earth mass planetary companions around the millisecond pulsar PSR B1257+12 by Wolszczan and Frail (1992) , and con rmed through independent observations by Backer, Sallmen, and Foster (1992) , indicate that planetary formation has occurred in this system. More than three years of follow-up radio pulse timing observations reveal that there are at least three planetary bodies in orbit around the neutron star. The two larger masses are locked in a 3:2 tidal resonance with an estimated libration period of 5.56 years (Rasio et al. 1992 , Malhotra et al. 1992 , and Peale 1993 . These observations provide the rst convincing evidence of an extra-solar planetary system. The discovery of planetary bodies around a millisecond pulsar indicates that planetary formation is not unique to the Solar System and has occurred in the past around at least one millisecond pulsar. The probability of a pre-existing planet surviving the supernova explosion and staying bound to the remaining neutron star is small (e.g., Podsiadlowski 1993 and Phinney & Hansen 1993) , implying that the pulsar planets were most likely formed after the formation of the neutron star.
The problem of planetary formation in the environment of a neutron star appears to be di cult to resolve with limited observational data. Are planets created out of dust via a slow particle growth mechanism, eventually accumulating into planetary bodies, as is thought for the Solar System, or do they form as a result of the breakup of a binary companion, or perhaps some other process? Direct detection of the planets themselves is not possible with present technology. However, detection of infrared radiation from dust grains, possibly heated by energy derived from the spin-down of the neutron star, would o er a means for associating these systems with planetary formation independent of radio timing measurements. In this paper we describe ground-based infrared observations of a small sample of nearby millisecond pulsars aimed at the detection of warm dust grains in these systems. We compare these results with other longer wavelength observations in the mm and sub-mm (Phillips & Chandler 1993) . There is a two order of magnitude gap between 10 m and 1 mm where additional observations would help constrain our models. Future space based far-infrared observations may help to ll this gap.
Observations
The discovery of numerous millisecond radio pulsars in the galactic eld (e.g., Camilo 1994) have provided an empirical basis for the idea that an abundant galactic population of old neutron stars exists (e.g., Kulkarni & Narayan 1988) . The discovery of nearby millisecond or recycled pulsars at high galactic latitudes and the subsequent nding of other such objects by recent pulsar searches have substantially strengthened the evidence for the existence of a sizable population of observable old neutron stars in the solar neighborhood (e.g., Camilo, Nice & Taylor 1993 , Nice, Taylor, & Fruchter 1993 , Thorsett et al. 1993 , Bailes et al. 1994 , Camilo 1994 , Camilo 1995 , Lorimer et al. 1995 , Lundgren et al. 1995 , Ray et al. 1995 , Ray 1995 . We selected all of our infrared targets from known millisecond pulsars closer than 2 kpc in distance using the Taylor & Cordes (1993) distance model. Included in our sample is the object PSR B1957+20 known to be presently ablating its companion (Fruchter, Stinebring & Taylor 1988) .
Examination of the Infrared Astronomy Satellite (IRAS) database at the position of the pulsar B1257+12 resulted in no detectable sources above background. The three sigma IRAS ux density limits at 12 m from co-adding scans is 0.18 Jy. In the longer IRAS bands the limits for PSR B1257+12 are 0.20, 0.14, 0.53 Jy at 25, 60, and 100 m, respectively. Other pulsars have also been checked for signi cant IR emission in the IRAS dataset. Van Buren and Terebey (1993) compared the positions of 478 pulsars ) with the IRAS point source catalog and found 13 sources within the estimated IRAS error boxes. They concluded that 13 \detections" did not represent an increase over the number expected from random chance, although the 13 IR/pulsar associations appeared to systematically select pulsars with supernova remnant associations and pulsars in globular clusters. Even if these statistics hold up and there is a trend toward excess IR emission from young pulsars, it is not clear whether the emission is actually from the circumstellar material or from other matter associated with the regions.
To improve the mid-infrared ux limits toward PSR B1257+12 and other nearby millisecond pulsars, we obtained additional ground based observations toward ve nearby millisecond pulsars. The observations were carried out at the National Aeronautics and Space Administration (NASA) Infrared Telescope Facility (IRTF) 3-meter telescope located at an altitude of 4,100 meters on Mauna Kea, Hawaii, on two separate nights, 1992 August 16 and 1993 June 15. We used the IRTF bolometer equipped with the N-band lter ( 0 =10.1 m, =5.1 m) and a 6 00 (3 mm) aperture, a 13 Hz chopper frequency, and a 10 00 N-S throw.
Several N-band standard stars were used as both primary ux calibrators and as position o set references to guarantee positional pointing accuracy. Guide stars were selected from the Hubble Space Telescope star catalog and used for continuous tracking on the pulsar positions during the observations for PSR B1257+12, PSR B1534+12, PSR J1713+0747, PSR B1957+20, PSR J2317+1439. The observations of PSR B1257+12 were made in the late afternoon of 1992 August 16. The other sources were observed during the late evening hours of 1993 June 15. The telescope position was peaked up on a known infrared source every 5 minutes during afternoon observations and every 20 minutes during the night time observations. Tracking was maintained to better than 1 arcsecond during the observations.
In Table 1 we present 3-upper limits on the N-band emission toward these objects, based on observations with exposure times that ranged from 990 to 3400 seconds. The distance estimates listed in Table 1 are accurate to within a factor of 25% (Taylor and Cordes 1993) . The distance toward PSR J1713+0747 is from . We applied a weighting correction for the varying airmass as a function of zenith angle. The airmass corrections resulted in slightly higher upper limits than previously reported without the corrections . Light cirrus clouds were occasionally present during the observations on 1993 August 16. Earlier observations using the same telescope and the same bolometer by Zuckerman (1993) Table 1 ), where d 620 is the pulsar distance in units of 620 pc. The total spin-down luminosity, L SD = 4 2 I _ P =P 3 , for this system is 2:0 10 34 ergs s ?1 (5:2 L ), where I is the moment of inertia for a neutron star, assumed to be 10 45 g cm 2 . No more than 3:7d 2 620 % of the total spin-down energy from PSR B1257+12 is observed as N-band emission from protoplanetary or remnant dust. Similar constraints limit the N-band emission from PSR B1957+20 to less than 3:1d 2 1530 % of the total energy available from the \spin-down" luminosity, where d 1530 is the pulsar distance in units of 1530 pc.
Discussion
The formation of planets around millisecond pulsars is certainly one of the more surprising developments in the rst decade since the discovery of millisecond pulsars (Backer 1992) . Since millisecond pulsars are thought to have evolved from pulsars that have been \recycled" through mass accretion from a binary companion (e.g., Bhattacharya & van den Heuvel 1991), it is unlikely that the observed millisecond pulsar planets survived the destructive phase of millisecond pulsar formation (Podsiadlowski 1995) .
There are a number of suggested mechanisms whereby binary companions of millisecond pulsars can aid in the process of planetary formation. Among the more promising of these ideas is that the dynamical disruption of the companion star could happen as the companion star lls its Roche lobe (Benz et al. 1990 ). The disrupted stellar material forms a close-in disk the size of the nal binary separation. The disk will eventually expand outward due to general viscous processes in the disk. Planets then form by coalescence of material from the expanded disk.
A second possible mechanism for forming planets is from the ablation of the stellar companion, either by the neutron star itself as in PSR B1957+20 and PSR B1744?24A, or in the low-mass X-ray binary phase (Tavani & Brookshaw 1992) . In this scenario, the evaporated material from the stellar surface would not completely escape the binary system and would instead form a circumstellar disk from which planetary formation would take place. The trick in this model is to keep the velocity of the radiation driven wind larger than the escape velocity of the companion star but smaller than the escape velocity from the binary system. Observational and theoretical arguments (e.g., Kluzniak et al. 1988) indicate that some millisecond pulsars are able to evaporate their low mass stellar companions on a 10 8 year time scale. Perhaps under certain conditions a small fraction of this ablated material enters into orbit around the neutron star and forms a protoplanetary disk from which planets such as those discovered around PSR B1257+12 may form.
Though the energy available to heat the grains via radiative heating is relatively small, the pulsar spin-down energy loss may be as large as 40 solar luminosities (see Table 1 ). High energy photons beamed from the millisecond pulsar's 10 8?9 gauss magnetic eld or interaction of the magnetic eld with the gaseous component of the disk might act as a source for heating dust grains surrounding the neutron star. The detection of infrared emission from a millisecond pulsar system would provide us with a means to estimate the dust temperatures, grain size distribution, and total dust mass of the emitting material, and the e ciency with which the spin-down energy is converted into thermal energy. Knowledge of the grain size distribution could help constrain the evolutionary origin of the dust, and thus shed light on the planetary formation process.
To estimate the detectability of circumstellar dust around millisecond pulsars, we assume that a fraction f of the spin-down energy L SD (L ) of the pulsar is converted into thermal energy, heating N d dust grains of radius a ( m). Dwek and Werner (1981) performed a similar analysis to predict the possibility of detecting infrared emission from radiatively heated dust grains in supernovae condensates. Our model assumed that the emissivity is inversely proportional to the square of the wavelength, becoming optically thick when = 0 = 2 a, where a is the grain radius. Equating the heating of the dust grains to their radiative cooling yields an equation from which we estimate the temperature of the dust grains: 
We show two illustrative examples in Figure 1 using the distance and luminosity values for PSR B1257+12 (d=620 pc and L SD = 5.2 L ). For Model 1 we assume 300 Earth masses of dust grains with a radius of 0.1 m. Model 2 assumes a total mass of 30 Earth masses and grains with a radius of 100 m. The systems in both models are powered by the pulsar spin-down luminosity which we estimated to be 2 10 34 erg s ?1 , with a 1 percent e ciency in heating the dust grains. We selected a 1 percent e ciency as a reasonable upper limit to the amount of energy that might be absorbed by a thick dust disk. For the rst model the derived dust temperature is 21 K, and the peak disk emission is about 35 mJy at 130 m. For the second model the derived dust temperature is 10 K and the peak emission is long-ward of 250 m. The temperature of the dust and the wavelength of the peak emission are dependent on the assumed model parameters. For simplicity, we have selected a single size grain population rather then a grain size distribution as would most likely exist in a true physical system. These simple models illustrate that with a range of reasonable parameters, circumstellar dust around nearby pulsars is within range of being detected with the long-wavelength lters on the Infrared Space Observatory (ISO) scheduled for launch by the European Space Agency (ESA) in late 1995. For comparison, Figure 1 shows the expected IR ux from a 10 5 and 10 6 K neutron star surface, plus a 700 K planetary surface, all assumed to be at a distance of PSR B1257+12. We show upper limits from observations of PSR B1257+12 with the IRTF and IRAS. The estimated sensitivity of ISO for a 1024 second integration at 60 and 100 m are also shown. From Figure 1 it can be seen that if dust is present and can be heated e ciently by the spin-down energy of millisecond pulsars, its infrared ux will dominate that of the pulsar or any planets and may be detected by its far-infrared continuum emission. Phillips and Chandler (1993) used 99 GHz and 380 GHz observations with the Owens Valley millimeter array and the James Clark Maxwell Telescope to search for circumstellar disks around ve neutron stars including three millisecond pulsars. Typical upper limits produced by their observations are shown as solid triangles in Figure 1 . Their observations are at wavelengths nearly 100 times longer than our 10 m observations, but their measurements do help to constrain the thermal emission models we proposed above. They used a proto-planetary pre-main sequence disk model to derive limits on the total disk mass of a few percent of a solar mass. While both our models shown in Figure 1 have disk masses below Phillips and Chandler's measured upper limits for the PSR 1257+12 system, their observations constrain possible grain sizes by eliminating or seriously constraining our model 2 with 100 m diameter grains and derived dust temperatures below 10 K.
An additional critical issue around the detection of pulsar circumstellar disks is the timescale for dust to be cleared. Phillips and Chandler argue that Pic-like debris disks around pulsars will be cleared on timescales of 10 6 years due to ram pressure from the interstellar medium, and therefore do not expect any emission from old neutron stars. This argument is based on the assumption that the pulsar velocity is 100 km/s and the inclination angle between the plane of the pulsar disk and the direction of pulsar motion is near zero. For the case of slow velocity pulsars ( 10 km/s) with large inclination angle, in regions of low space density of interstellar gas, we could expect a 10 2 ? 10 3 increase in the clearing time for these grains, meaning that millisecond pulsars with ages up to 10 9 years might still have remnant debris disks.
4 Summary
Millisecond pulsars are an important class of systems capable of producing planetary size companions, and by inference, systems that may have evolved through a stage of protoplanetary formation. Deep 10 m bolometric observations toward these millisecond pulsars PSR B1257+12, PSR B1534+12, PSR J1713+0747, PSR B1957+20, and PSR J2317+1439 have produced upper limits to possible mid-infrared emission from heated dust. Pulsar timing observations toward these and other objects generally rule out unknown companion objects larger than asteroids (Thorsett and Phillips 1992) . Assuming that the coupling of the spin-down energy to the grains is weak our models indicate that the dust, if present, is expected to be relatively cold. Further investigation with improved instrumentation at far-infrared wavelengths is warranted to close the observational gap between the mid-infrared and the millimeter spectral region. The most profound implication of the presence of planets around millisecond pulsars is that planets are probably common around a variety of di erent stellar systems in our Galaxy. , (e) circumstellar dust emission for Model 2 parameters (long-short dashed line), all at a distance of 620 pc, (f) the 3-limits for PSR B1257+12 from IRAS co-added data ( lled circles) at 12, 25, 60, and 100 m, (g) the 3-limits for PSR B1257+12 at 10 m from the IRTF ( lled square), (h) the expected 3-limits from a 1024 second integration with the ISOPHOT photometer on the Infrared Space Observatory (ISO) at 60 and 100 m (horizontal lines), and (i) the 99 and 380 GHz upper limits from Phillips and Chandler (solid triangles).
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